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ABSTRACT 
 
Organic electronics form a very promising new generation of cheap, lightweight and flexible devices. 
Of special interest is the ability to engineer photo-physical properties of organic molecules by 
chemical modification. In this regard, the purpose of this research is to understand the influence of 
push-pull group substitution patterns on excited state properties of several donor-acceptor co-
monomers an their trimers. Part of this work focuses on organic photovoltaic applications to 
demonstrate the practical use of the structure-property relations. In this context, the strong exciton 
binding energy determined by the electron-hole interaction is an important property. (Time-dependent) 
Density Functional Theory calculations showed a significant difference between linear- and cross-
conjugated push-pull group pathways for the electron-hole interaction and the vertical exciton binding 
energy, which can be understood from simple Hückel theory. A linear relation between the dipole 
moment change upon excitation and the vertical exciton binding energy hints to a possible correlation, 
although this relation is less pronounced for the trimers. The overlap density between the frontier 
molecular orbitals alone already reveals valuable information about the relative size of the electron-
hole interaction and the vertical exciton binding energy. Application of our findings in the context of 
organic photovoltaics results in significant support for cross-conjugated mesomeric push-pull group 
pathways in order to spatially separate the HOMO and LUMO. 
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1. Introduction 
 
Nowadays organic molecules find their way in all kinds of applications, like thin-film transistors 
(TFT), light emitting diodes (OLED) and thin-film photovoltaic cells (OPV). In comparison to 
conventional silicon-based electronics, organic electronics have the advantage of low-cost fabrication 
processes using for example roll-to-roll methods. A new generation of cheap, lightweight and flexible 
organic electronic devices is entering the commercial world [1]. In order to make significant progress 
in this field, insight in the relation between chemical structure and excited state properties is one of the 
key issues. Of special interest is the ability to engineer photo-physical properties by chemical 
modification through adding particular functional groups at different positions.  
Further accelerated progress is expected by application of this knowledge in the development of 
new organic materials for OPV. Currently the efficiency of organic solar cells is only about 10% [2], 
which is limited by several factors [3]. The best-performing organic solar cell consists of a three-
dimensional (bulk) hetero-junction composed of a hole-conducting donor (typically a conjugated 
polymer) and an electron-conducting acceptor (fullerene derivative) [4]. An electronic state diagram 
illustrating the solar energy conversion to free charges is shown in Fig. 1 [5]. After light absorption by 
mainly the donor material, excitons are formed. These excitons are electron-hole pairs, bound by the 
Coulomb force, with an exciton binding energy (Ebexc) of 0.3-0.5 eV [3]. They diffuse towards the 
donor-acceptor interface, where electrons transfer from donor to acceptor molecules. Typically, the 
electron-hole pair remains bound, leading to the formation of an intermolecular charge-transfer (CT) 
state [3, 6]. To prevent recombination, the charge-transfer state binding energy (EbCT) has to be 
overcome, e.g., with the involvement of hot CT states [5, 7]. Finally, collection of free charges takes 
place at different electrodes of the solar cell. If the exciton binding energy can be lowered, more 
efficient and cost effective solar cells are within reach [3]. 
 
 
Fig. 1. Electronic state diagram describing the mechanism of converting solar energy to electric 
energy in organic solar cells. The green arrows show the basic steps after light absorption to create 
free charges when hot CT states are involved. The blue arrows show recombination pathways. The red 
arrows show the energy differences Ebexc and EbCT, as introduced previously. (CS)D-D is defined as the 
energy difference between the ionization potential (IP) of D and electron affinity (EA) of D, and 
(CS)D-A as the energy difference between IP of D and EA of A. (GS = ground state, S1 = first excited 
state, CS = charge-separated state, CT = charge-transfer state, D = donor, A = acceptor) 
 
Several experimental and theoretical studies have shown that not only Frenkel excitons, but also 
more separated excitons are formed by primary photo-excitations in donor polymers. These less bound 
excitons are believed to play a significant role in the photovoltaic process because they would increase 
the probability of electron transfer from donor to acceptor, decrease the energy needed for charge 
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separation and reduce geminate recombination [8, 9]. In order to distinguish between the two types of 
excitons, an observable can be used that correlates with their internal degree of charge separation: the 
change in dipole moment between the ground and excited state of the donor molecule, Δµge [8-10]. It 
was explained by Carsten et al. [9] that a larger Δµge correlates with a lower exciton binding energy. A 
relation was found between the device efficiency and the change in dipole moment upon excitation of 
several donor-acceptor co-monomers: when Δµge is larger, the efficiency increases [8]. Still, this and 
other correlations between solar cell performance and intrinsic properties of the donor polymers, like 
chemical structure, and their possible relation to the exciton binding energy of the primary photo-
excitation, are not completely understood [10, 11].  
In this regard, the objective of this work is to study the influence of push-pull group substitution 
patterns on excited state properties, in particular the exciton binding energy, of several donor-
acceptor co-monomers and their trimers. In this way we are able to understand and engineer the 
photo-physical properties of new molecular structures. Part of this work focuses on OPV applications 
to demonstrate practical use of the structure-property relations. This knowledge may be used to 
formulate design guides for developing new organic materials with lower exciton binding energies. 
We concentrated on understanding the photo-physical properties of a donor-acceptor co-monomer 
(1 in Fig. 2). Monomer 1 is 4,4'-bis-(2-methyl)-4H-cyclopenta[2,1-b;3,4-b']-dithiophene-4-(2-thienyl)-
2,1,3-benzothiadiazole (CPDTTBT), which consists of the donating fragment CPDT and the accepting 
fragment BT, linked via one thiophene spacer T. The main reason for applying donor-acceptor co-
polymers in organic solar cells is their low band gap enabling the absorption of more of the incoming 
light [12].  
We studied the effect of adding NH2 as electron donating group (EDG) and NO2 as electron 
withdrawing group (EWG) to respectively the donor and acceptor side of this co-monomer. These 
groups exert mesomeric (by resonance, i.e., through π-bonds) effects. Linear- and cross-conjugated 
substitution patterns were compared to study their effect on excited state properties (2 and 3 linear- 
and 4 and 5 cross-conjugated, Fig. 2). It is known that cross-conjugated groups show weaker 
electronic communication than linear-conjugated ones [13].  
We investigated one conformation with CH3 as EDG and F as EWG added to respectively the 
donor and acceptor side of the co-monomer (6, Fig. 2) to get insight in the influence of inductive (i.e, 
through the σ-framework) effects on excited state properties. NH2 is inductively electron withdrawing 
and by resonance electron donating, however resonance dominates induction. NO2 is electron 
withdrawing both by induction and resonance, so here resonance reinforces induction. CH3 is 
inductively electron donating, while F is inductively electron withdrawing and by resonance electron 
donating. Here induction outcompetes resonance, so F is a weak electron acceptor [14].  
For all monomers, the effect of trimerization on their excited state properties was studied to see if 
the trends valid for the monomers still apply. Trimerization of the reference monomer 1 and the 5 
substituted monomers led to the molecules 7-12 (reference trimer 7 and 8-12, Fig. 3). 
We focused on the following excited state properties: first excited state energy, oscillator strength, 
HOMO energy, LUMO energy, orbital energy difference between HOMO and LUMO, vertical 
ionization potential, and vertical electron affinity. Properties relevant for OPV applications were: 
change in dipole moment between the ground and excited state of the donor molecule Δµge, vertical 
exciton binding energy, the electron-hole interaction as defined in the Hartree-Fock method, and the 
degree of spatial overlap between occupied and virtual orbitals involved in the excitation.  
This paper is organized as follows: the computational methods used in this work are described in 
the next section; section 3 contains the results and discussion; section 4 gives a summary of the most 
important conclusions.  
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Fig. 2. Chemical structures of monomers 1-6. Molecule 1 is the reference monomer CPDTTBT. 
Conformations 2 and 3 are linear-conjugated and 4 and 5 are cross-conjugated. Monomers 2-5 contain 
mesomeric groups and monomer 6 contains inductive groups. 
 
 
Fig. 3. Chemical structures of trimers 7-12. Molecule 7 is the reference trimer PCPDTTBT. Trimers 8-
11 contain mesomeric groups and trimer 12 contains inductive groups. 
 
 
2. Computational methods 
 
Geometries of 1-12 were optimised using Density Functional Theory (DFT) (BHandH [15]/6-
31G**) with the programs DALTON [16] for isolated monomers 1-6 and GAMESS-UK [17] for 
isolated trimers 7-12.  Subsequently, vertical excitation energies were calculated using time-dependent 
DFT (TD-DFT) (BHandH/6-31G**) with DALTON. The lowest 10 vertical excited states were 
calculated for isolated molecules 1-12. For all systems, the primary photo-excitation (i.e., the one with 
the largest oscillator strength) involved a hole predominantly located on the donating fragment and an 
electron on the accepting fragment. In all cases, this was the first excited state S1 for which the largest 
contribution comes from a HOMO to LUMO transition on the monomer or trimer.  
 The use of (TD)-DFT with the density functional BHandH to study these systems is justified for 
different reasons. Firstly, more extensive work done on evaluating the performance of DFT 
functionals for CT states showed good behaviour for the functional of our choice [18].	  Secondly, we 
performed a comparison study between the TD-DFT calculations (BHandH/6-31G**) with DALTON 
and second-order approximate coupled-cluster singles and doubles (CC2) calculations (6-31G**) with 
TURBOMOLE [19-23] on molecules 2 and 4 to verify computed trends. The CC2 calculations 
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resulted in an energy difference of 0.36 eV between 2 (S1=2.47 eV) and 4 (S1=2.83 eV), which is 
reasonably described by TD-DFT that computed an energy difference of 0.20 eV between 2 (S1=2.41 
eV) and 4 (S1=2.61 eV). Thirdly, Peach et al. [24] justified the use of a quantity called Λ that 
measures the degree of spatial overlap between occupied and virtual orbitals involved in particular 
excitations, as a diagnostic test for judging the reliability of a general (CT) excitation energy from a 
particular density functional. For the hybrid functional B3LYP, the minimum value of this quantity for 
giving reliable results was significantly lower than the calculated values for these systems. 
 The vertical exciton binding energy Ebexc was defined as the energy difference between the CS state 
on two donor molecules (one cationic and one anionic) and the first excited state on one donor 
molecule using the following equation: 
 
Ebexc = VIP –VEA –S1          (1) 
 
with VIP the vertical IP of one donor molecule, VEA the vertical EA of one donor molecule, and S1 
the vertical excited state energy of one donor molecule.	   After the Frank-Condon photo-excitation, 
typical photo-physical processes like charge separation take place within only a few hundred fs [25, 
26]. In order to focus solely on the effect of push-pull group substitution patterns on the lowering of 
the exciton binding energy (and not having the effect of geometry relaxation in addition), we 
calculated the vertical exciton binding energy.  
Dipole moments of the vertical first excited state S1 were calculated using Density Functional 
Quadratic Response Theory [27-29] (BHandH/6-31G**) with DALTON. The absolute difference in 
dipole moment between the ground and vertical excited state of the donor molecule, Δµeg, was 
calculated in the same way as introduced by Carsten et al.  [8] using the following equation: 
 
Δµge= [(µgx - µex)2 + (µgy - µey)2 + (µgz - µez)2]1/2        (2) 
 
with e.g., µgx the x-component of the ground state dipole moment and µex the x-component of the 
vertical excited state dipole moment.  
In the simple Hartree-Fock (HF) picture, neglecting orbital relaxation and electron correlation 
effects, the CS state on two donor molecules is defined as the orbital energy difference between the 
LUMO and HOMO (Koopmans’ theorem). In this frozen orbital (FO) model, the excitation energy for 
a single electron HOMO → LUMO excitation is: 
 
S1HF-FO = ΔεHL – JHL + 2KHL         (3) 
 
with ΔεHL the orbital energy difference between the HOMO and LUMO, JHL the Coulomb and KHL the 
exchange two-electron integrals [(HH|LL) and (HL|HL)] [30, 31].  In this HF-FO model, the exciton 
binding energy is thus defined as JHL – 2KHL.  Although in DFT the above analysis is not completely 
valid, the electron-hole interaction given by JHL – 2KHL can still be used as a measure of the exciton 
binding energy.  The advantage of using JHL as this indicator is that its magnitude can be related to the 
spatial extent of the orbitals involved, which in turn can be related to chemical composition (a similar 
rationalization was applied by Van Walree et al. in [32]). Baerends et al. [33] state that the shape of 
the KS orbitals describes excited states very well, justifying the use of KS orbitals in this respect.  
To get insight in the degree of electron-hole separation and to judge the reliability of the excitation 
energies from the density functional BHandH, the degree of spatial overlap Λ between occupied and 
virtual orbitals involved in the excitation was determined. The quantity Λ as defined in DALTON was 
used: 
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Λ = Σi,a(κ2iaOia) / Σi,a(κ2ia)         (4) 
 
with κia the contribution of an occupied-virtual pair to a given TD-DFT excitation and Oia the inner 
product of the moduli of a given occupied orbital φi and a virtual orbital φa, which is weighted by κ2ia 
[24]. Small values of Λ correspond to long-range excitations and large values to short-range 
excitations. When Λ falls below a prescribed threshold, for example Λ < 0.3 for B3LYP, excitation 
energies are likely to be in very significant error. It should be noted that the quantity Λ is not unique, 
so this diagnostic number is qualitative [24]. 
Since all calculations were done on isolated monomers, the theoretical values for all molecular 
energies are higher compared to experimental values because stabilisation effects from the 
environment are missing. However, since we are looking at differences in excited state properties 
between the monomers rather than absolute values, resulting trends still hold, also when 
environmental effects are incorporated.  
 
 
3. Results and discussion  
 
3.1. Monomers 
 
3.1.1. Geometry of molecules 1-6 
 
Geometry optimization of molecules 1-6 resulted in slight deviations from planarity for the 
substituted molecules 2-6. Two dihedral angles (Fig. 4 and Table 1) were defined to investigate if 
conjugation still applies to the molecules. Dihedral angle α is similar for all substituted molecules 2-6 
and dihedral angle β clearly is larger for the linear-conjugated molecules (LCM) 2-3 compared to the 
cross-conjugated molecules (CCM) 4-5. This difference is caused by the position of NO2 in 2-3, i.e., it 
is attached closer to the thiophene spacer, which causes more steric hindrance. Despite this moderate 
loss of planarity, the interaction between the p-orbitals that form the π-bonds is still significant (it 
scales with cos[angle]), so the push-pull groups are conjugated. 
 
 
Fig. 4. Molecule 1 with defined dihedral angles α (red) and β (blue). 
 
Table 1. Dihedral angle α (°, Fig. 4) and dihedral angle β (°, Fig. 4) for molecules 1-6.  
Molecule Dihedral angle α  Dihedral angle β 
1    0.0 0.0 
2 -24.2 34.2 
3 -22.2 37.9 
4 -13.1 2.1 
5 -20.5 4.0 
6 -25.9 -5.4 
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3.1.2. Molecular orbitals of molecules 1-6 
 
The HOMO and LUMO of molecules 1-6 (Fig. 5) reveal an interesting trend: for the LCM 2-3 the 
HOMOs and LUMOs are both delocalised over the carbon atoms to which the NH2 and NO2 groups 
are attached.  This is contrary to the CCM 4-5 where the HOMOs are delocalised over carbon atoms to 
which the NH2 group is attached and the LUMOs over carbon atoms to which the NO2 group is 
attached. The only exception is the LUMO of LCM 2, which is not delocalised over the carbon atom 
to which the NH2 group is attached. 
For the LCM 2-3, the HOMOs are delocalised over the donating fragment CPDT (and NH2) and 
the central thiophene spacer T, but also over two carbon atoms of the accepting fragment BT. One of 
these is the one to which the NO2 group is attached. The LUMO of 3 is delocalised over the accepting 
fragment BT (and NO2) and also over two carbon atoms of the central thiophene spacer T. Amongst 
these is the one to which the NH2 group is attached. The LUMO of 2 is also delocalised over the BT 
unit (and NO2) and partly over the central thiophene spacer T, but for 2 the NH2 group is not 
connected to this spacer. For the CCM 4-5, the HOMOs are also delocalised over the donating 
fragment CPDT (and NH2), the central thiophene spacer T and over two carbon atoms of the accepting 
fragment BT. However, for 4-5 these carbon atoms are not those to which the NO2 group is attached. 
The LUMOs of 4-5 are also delocalised over the accepting fragment BT (and NO2) and over two 
carbon atoms of the central thiophene spacer T, but again these carbon atoms are not attached to the 
NH2 group.  
This trend can be understood from simple Hückel theory [34] applied to the simplest, odd 
alternating hydrocarbon system that models the thiophene-benzene part of the monomers, namely 
methylenebenzene (Fig. 6). Its non-bonding molecular orbital (NBMO) can be determined without 
solving the secular equations. This HOMO has small electron density at the meta positions and large 
electron density at the ortho/para positions, resulting in an ortho/para directing, activating towards 
electrophilic substitution (e.g., of NO2) effect of  - in this case - the by resonance electron donating 
methylene substituent. This result of the Hückel analysis is irrespective of the size of the ring. It 
demonstrates clearly that linear-conjugation corresponding to ortho/para substitution leads to more π-
delocalised HOMO and LUMO over similar parts of the molecule. In contrary, cross-conjugation 
corresponding to meta substitution leads to less delocalised frontier MOs over separate parts of the 
molecule.  
Molecule 6 shows clearly that functional groups that exert inductive effects do not participate in the 
frontier MOs, because these orbitals are π-type. Consequently the frontier MOs are very similar to the 
ones of molecule 1. 
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Fig. 5. Frontier molecular orbitals of molecules 1-6. For all molecules, the first excited state 
corresponds predominantly to a HOMO → LUMO transition (c2 > 0.83). 
 
 
Fig. 6. Example of an odd alternating hydrocarbon, methylenebenzene (left), and its non-bonding 
molecular orbital Φ (right) within the Hückel approximation. 
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3.1.3. Excited state properties of molecules 1-6 
 
A summary of the excited state properties of interest for molecules 1-6 is given in Table 2. The 
vertical excitation energies of the substituted molecules 2-6 for the HOMO → LUMO transition 
decrease with respect to the reference molecule 1.  Not surprisingly, a larger effect is found if the 
substituents interfere with the π-system of the pristine molecule (2-5), namely a decrease in the range 
of 0.3-0.5 eV. Only a slight decrease of 0.03 eV is found for molecule 6, which has functional groups 
that exert inductive effects. For all molecules 2-6, the oscillator strength decreases compared to 
reference molecule 1.  A large decrease is observed for 2-5 and a small decrease for 6.  No clear 
distinction between linear- and cross-conjugation is discernible.  
For all monomers, the bandgap ΔεHL becomes smaller, mostly because of lowering of the εLUMO. 
This lowering is the smallest for 6. No correlation is found between S1 and ΔεHL, which can be 
explained by realising that not only ΔεHL contributes to S1 but also the electron-hole interaction (Eq. 
(3)). We come back to this point later when the results of the Coulomb and exchange energies are 
discussed.  
A good correspondence in the trends for 1-6 between VIP and εHOMO and between VEA and εLUMO 
is found, as expected. When the results of the LCM 2-3 are compared to the ones of the CCM 4-5, 
only a difference in εLUMO (and VEA) is found: the εLUMO is higher (and the VEA is smaller) for the 
LCM 2-3. This difference could be explained as follows. As noticed earlier, for the LCM 2-3 both the 
HOMOs and the LUMO of 3 are delocalised over the carbon atoms to which the NH2 and NO2 groups 
are attached. So for their εLUMO the stabilizing effect of NO2 (Fig. 7) is opposed by the destabilizing 
effect of NH2 (Fig. 7), leading to relatively high εLUMO of the LCM 2-3 compared to the CCM 4-5. 
Vice versa, for the εHOMO of the LCM 2-3 the destabilizing effect of the NH2 is opposed by the 
stabilizing effect of the NO2, leading to relatively low εHOMO compared to the CCM 4-5. CCM 4 does 
not follow this reasoning for εHOMO. This can be explained by noticing that the HOMO of 4 has small 
electron density at the carbon atom to which NH2 is attached and is less delocalised over NH2 
compared to the HOMO of the other CCM 5 (Fig. 5). Consequently the destabilizing effect of NH2 for 
the HOMO is very small in 4, leading to a relatively low εHOMO compared to 5. 
The inductive effects of CH3 and F of 6 have no significant effect on the vertical excitation 
energies, HOMO/LUMO energies, VIP and VEA, compared to 1.   
 
Table 2.  The excitation energy (S1, eV) to the first excited state*, the oscillator strength (f), the 
HOMO energy (εHOMO, eV), the LUMO energy (εLUMO, eV), the orbital energy difference between the 
HOMO and LUMO (ΔεHL, eV), the vertical ionization potential (VIP, eV), and the vertical electron 
affinity (VEA, eV) for molecules 1-6. 
Molecule S1 f εHOMO εLUMO ΔεHL VIP VEA 
1 2.90 0.803 -5.72 -1.44 4.28 6.33 0.72 
linear-conjugation, mesomeric effect 
2 2.41 0.581 -5.74 -1.98 3.75 6.30 1.29 
3 2.36 0.373 -5.85 -2.00 3.85 6.44 1.28 
cross-conjugation, mesomeric effect 
4 2.61 0.520 -5.86 -2.13 3.73 6.46 1.40 
5 2.37 0.473 -5.64 -2.16 3.48 6.23 1.44 
inductive effect 
6 2.87 0.725 -5.69 -1.53 4.16 6.36 0.76 
*these excitations all correspond to a HOMO → LUMO transition (c2 > 0.83) 
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Fig. 7. Molecular orbital energy levels diagrams showing the stabilising effect of the LUMO of NO2 
(left) and the destabilising effect of the HOMO of NH2 (right) on the HOMO and LUMO of the 
monomer. 
 
3.1.4. Properties relevant for OPV applications of molecules 1-6 
 
A summary of the properties relevant for OPV applications of molecules 1-6 is given in Table 3. 
The electron-hole interaction calculated as [JHL – 2KHL] decreases by 0.5 eV for the CCM 4-5 and 
increases by 0.1 eV for the LCM 2-3, compared to the reference molecule 1. Only a slight decrease is 
found for the CH3/F substituted molecule 6. This significant difference in [JHL – 2KHL] of the CCM 4-5 
compared to the LCM 2-3 can be explained by looking at the overlap density between the orbitals 
involved in the first excited state (Fig. 5). The overlap density between the HOMO and LUMO is 
smaller for the CCM 4-5 than for the LCM 2-3 leading to smaller Coulomb and exchange terms. This 
trend in overlap density is confirmed by the trend in the quantity Λ, which is significantly smaller for 
the CCM 4-5 compared to the LCM 2-3. This rationalization shows that [JHL – 2KHL] can indeed be 
related to the spatial extent of the orbitals involved in the excitation and thus to chemical composition. 
It is also in perfect correspondence with the earlier explained analysis of linear-conjugation (and cross-
conjugation) using Hückel theory, leading to a more (and less) π-delocalised HOMO and LUMO over 
similar (and different) parts of the molecule. In general it is known that cross-conjugation does not 
result in pronounced π-electron delocalisation, leading to a relatively large reduction in electron 
repulsion upon excitation [35].  
The vertical exciton binding energy decreases for all molecules in the range 0.1-0.3 eV except for 3 
and 6, compared to the reference molecule 1. The decrease is the largest for the CCM 4-5. For the 
LCM 3 the vertical exciton binding energy increases by 0.1 eV and for molecule 6 it does not change 
significantly. When these values are compared to the ones of [JHL – 2KHL], a reasonably similar trend 
is found: from linear- to cross-conjugation, the [JHL – 2KHL] decreases by 0.4-0.5 eV, which is similar 
to the decrease in the vertical exciton binding energy.  
Concerning the last interesting property relevant for OPV applications, the change in dipole 
moment upon excitation increases for all molecules except for 3, compared to the reference molecule 
1. This increase is the largest for the CCM 4-5 and the smallest for the LCM 2. 
 
 
 
LUMO 
HOMO 
LUMO 
NO2 monomer monomer-NO2 
HOMO 
LUMO 
LUMO 
HOMO 
LUMO 
NH monomermonomer-NH 2 
HOMO 
HOMO 
2 
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Table 3.  The electron-hole interaction calculated as [JHL – 2KHL] (eV), the degree of spatial overlap 
between occupied and virtual orbitals involved in the excitation (Λ, Eq. (4)), the vertical exciton 
binding energy (Ebexc, Eq. (1), eV), and the change in dipole moment upon excitation (Δµge, Eq. (2), 
Debye) for molecules 1-6. 
Molecule JHL-2KHL Λ Ebexc  Δµge  
1 2.47 0.57 2.70 11.11 
2 2.52 0.48 2.61 11.53 
3 2.58 0.46 2.79 10.13 
4 1.98 0.39 2.46 17.84 
5 2.06 0.38 2.42 17.57 
6 2.34 0.51 2.73 13.47 
 
Let us now study possible relations between properties related to chemical composition and 
observables that are important for specific photo-physical applications. Part of this work focuses on 
OPV applications and in this context the exciton binding energy is an important property. Firstly, the 
statement made in the introduction about the relation between a more separated exciton and a larger 
dipole moment change upon excitation is investigated [8-10]. Although in DFT the electron-hole 
interaction given by [JHL – 2KHL] can only be used as a measure of the exciton binding energy, a 
perfect linear correlation between [JHL – 2KHL] and Δµge is found (Fig. 8). As showed earlier, both are 
related to spatial extent of the orbitals involved in the excitation and thus to chemical composition. 
 
 
Fig. 8. Change in dipole moment upon excitation (Δµge, Debye) as a function of the electron-hole 
interaction ([JHL – 2KHL], eV). A linear trend line is added together with R2.  
 
As is also stated in the introduction, a direct relation has been found by Carsten et al. [8] between 
the device efficiency and Δµge, if a larger Δµge is the result of a more separated exciton (i.e., an exciton 
with a smaller binding energy). Secondly, the relation between these two properties is studied. 
Although R2 is 0.80, still a linear correlation is found (Fig. 9), but not as nicely as the one found 
between [JHL – 2KHL] and Δµge (Fig. 8). These findings suggest that important photo-physical 
properties, like the exciton binding energy, can be engineered by tuning of properties related to 
chemical composition (e.g., [JHL – 2KHL] and Δµge).  
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Fig. 9. The vertical exciton binding energy (Ebexc, eV) as a function of the change in dipole moment 
upon excitation (Δµge, Debye). A linear trend line is added together with R2. 
 
3.2. Trimers 
 
3.2.1. Geometry of molecules 7-12 
 
Geometry optimization of trimers 7-12 resulted in different values for dihedral angle γ (Fig. 10 and 
Table 4) between two subsequent monomers. The loss of planarity is the largest for 10, 11 and 12, 
probably caused by the position of NO2/F with respect to the CPDT unit. Despite this loss of planarity 
for all trimers 7-12, the interaction between neighbouring monomers is still sufficient to speak of 
conjugation. 
 
 
Fig. 10. Molecule 7 with defined dihedral angle γ (green). 
 
Table 4. Dihedral angle γ (°, Fig. 10) for molecules 7-12.  
Molecule Dihedral angle γ  
7 -4.0 
8 -2.7 
9 -5.3 
10 -31.0 
11 -23.4 
12 -38.2 
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3.2.2. Molecular orbitals of molecules 7-12 
 
For trimers 7-12 all occupied-virtual orbital pairs that correspond to the first excited state with c2 > 
0.20 were analysed (Fig. S1 in Supplementary material). For trimers 7, 8, 9 and 12 the first excited 
state corresponds to a HOMO → LUMO transition (c2 > 0.62). For trimer 10, the HOMO-1 → LUMO 
transition becomes equally important and for trimer 11 the HOMO → LUMO+1 transition becomes 
considerably important. When these orbitals are compared to the ones of the monomers, it is noticed 
that both HOMO and LUMO are more delocalised. The HOMOs of the trimers cannot be regarded as 
simple superpositions of the HOMOs of their corresponding monomers. In general the electron density 
of the HOMOs of the trimers is the largest on the donating fragment of the second monomer. The 
reference trimer 7 has the most delocalised HOMO with comparable electron density on the second 
and third donating fragment. Trimers 8-9 have HOMOs with also considerable electron density on the 
first donating fragment. The LUMOs of 7-12 can be more or less regarded as superpositions of the 
LUMOs of 1-6 because they are delocalised over all three accepting fragments, especially for trimer 9. 
For the other trimers, the LUMOs have the largest electron density on the accepting fragment of the 
second monomer. 
For the trimers, the computed difference between linear- and cross-conjugation concerning 
HOMO/LUMO delocalisation over both or either NH2/NO2 is not retrieved, because the distinction in 
conjugation pattern does not hold anymore. The only difference between trimers 8-9 (derived from the 
LCM 2-3) and trimers 10-11 (derived from the CCM 4-5) is that the HOMOs of trimers 10-11 are less 
delocalised than the ones of 7-9 and 12 (i.e., 8-9: HOMO is delocalised over the first and second 
donating fragment; 10-11: HOMO is localised predominantly on the second donating fragment; 7-12: 
HOMO is delocalised on the second and third donating fragment). It is also noticed that for trimers 10-
11 the HOMOs and LUMOs are more localised at different parts of the molecules, leading to 
relatively smaller overlap densities between these orbitals, compared to trimers 8-9. 
 
3.2.3. Excited state properties of molecules 7-12 
 
A summary of the excited state properties of interest for trimers 7-12 is given in Table 5. When the 
values of Table 5 are compared to the ones for the monomers (Table 1), it is noticed that in general the 
vertical excitation energies are lowered by about 0.4-0.8 eV and the relative differences between 
molecules are diminished.  Compared to the monomers, the oscillator strengths increase by a factor 4-
5. All bandgaps of the trimers are smaller by about 0.5-0.6 eV  (except for 7: 0.9 eV) compared to the 
monomers, because their εHOMO increase by about 0.3-0.4 eV and their εLUMO decrease by about 0.2-0.4 
eV. Consequently the VIPs of the trimers decrease by 0.6-0.8 eV and their VEAs increase by 0.6-0.8 
eV. These results are explained by the fact that in general chain extension destabilises εHOMO and 
stabilises εLUMO. 
The following trends are found for the trimers. The vertical excitation energies for the HOMO → 
LUMO transition of the NH2/NO2 substituted trimers 8-11 decrease slightly by about 0.1-0.2 eV 
compared to the reference trimer 7. For trimer 12, with CH3/F functional groups, an increase of 0.2 eV 
is found. For all NH2/NO2 substituted trimers 8-11 the oscillator strength decreases compared to the 
reference 7 and for the CH3/F substituted molecule 12 the oscillator strength increases slightly. 
NH2/NO2 substituted trimers 8-11 have a smaller bandgap and the CH3/F substituted trimer 12 has a 
larger bandgap, compared to the reference trimer 7. This trend is in accordance to the one for the 
vertical excitation energy. A perfect correspondence in trends for 7-12 between VIP and εHOMO and 
between VEA and εLUMO is found.  It is noticed that both the VIP and VEA increase (except for trimer 
12: the VEA decreases), compared to the reference 7.  
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When these trends are compared to the ones for the monomers, some differences are found. For 
trimer 12, the vertical excitation energy increases compared to 7, whereas for monomer 6 it does not 
change compared to 1. Also for the oscillator strength trimer 12 shows different behaviour compared 
to monomer 6: the trimer oscillator strength increases, whereas the monomer oscillator strength 
decreases slightly. In contrast to the monomers, the trend for the vertical excitation energy corresponds 
rather well to the one for the bandgap ΔεHL. Finally, also in contrast to the monomers, for trimer 12 the 
inductive effects of the CH3/F groups appear to have a significant effect on the vertical excitation 
energy, the HOMO/LUMO energies, VIP and VEA. 
 
Table 5.  The excitation energy (S1, eV) to the first excited state*, the oscillator strength (f), the 
HOMO energy (εHOMO, eV), the LUMO energy (εLUMO, eV), the orbital energy difference between the 
HOMO and LUMO (ΔεHL, eV), the vertical ionization potential (VIP, eV), and the vertical electron 
affinity (VEA, eV) for molecules 7-12. 
Molecule S1 f εHOMO εLUMO ΔεHL VIP VEA 
  7 2.12 3.780 -5.29 -1.87 3.42 5.58 1.54 
mesomeric effect 
  8 1.91 3.099 -5.44 -2.29 3.15 5.70 1.98 
  9 1.90 2.326 -5.50 -2.29 3.21 5.78 1.96 
10 2.01 3.002 -5.53 -2.32 3.21 5.84 1.98 
11 1.85 3.203 -5.33 -2.37 2.97 5.61 2.04 
inductive effect 
12 2.34 3.862 -5.42 -1.77 3.66 5.72 1.43 
*these excitations all correspond to a HOMO → LUMO transition with c2 > 0.62, except for 10 
(HOMO → LUMO with c2 = 0.25 and HOMO-1 → LUMO with c2 = 0.26) and 11 (HOMO → LUMO 
with c2 = 0.37 and HOMO → LUMO+1 with c2 = 0.22) 
 
3.2.4. Properties relevant for OPV applications of molecules 7-12 
 
A summary of the properties relevant for OPV applications of trimers 7-12 is given in Table 6. The 
same properties as the ones for the monomers were analysed, except for the electron-hole interaction 
calculated as [JHL – 2KHL] because not for all trimers the first excited state can be regarded as 
predominantly a one-electron HOMO → LUMO transition. 
The degree of spatial overlap between occupied and virtual orbitals involved in the excitation, Λ, is 
smaller for trimers 10-11 (originally derived from CCM) than for trimers 8-9 (originally derived from 
LCM). This difference is also found in the case of the monomers. In general the values for Λ are larger 
for the trimers than for the monomers, which is explained by the larger delocalisation of the occupied 
and virtual orbitals involved in the excitation over more than one repeating unit. 
The vertical exciton binding energies are smaller compared to values for the monomers. Because 
the HOMO and LUMO of trimers are more delocalised (Fig. S1 in Supplementary material), the 
electron-hole attraction is reduced. For the trimers, the vertical exciton binding energy decreases 
slightly for the NH2/NO2 substituted trimers 8 and 10-11, compared to reference 7. The largest 
decrease is found for trimer 11, namely 0.2 eV, which correlates with the results for the monomers: 
corresponding monomer 5 also shows the largest decrease, namely of 0.3 eV. Trimer 9 shows no 
significant change in vertical exciton binding energy, whereas its corresponding monomer 3 shows an 
increase of about 0.1 eV. This difference in behaviour between monomer and trimer is explained by 
realising that in the trimer the excitation is more delocalised because electron density transfers to two 
different parts of the molecule (Fig. S1 in Supplementary material). For the CH3/F substituted trimer 
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12 the change in vertical exciton binding energy is not significant, similar to what is found for its 
corresponding monomer 6. In general the computed trend in vertical exciton binding energy for the 
monomers holds reasonably for the trimers. 
Noteworthy is the relatively high vertical exciton binding energy of trimer 10, compared to the 
relatively low value for its corresponding monomer 4. This result can be explained by looking at the 
NH2/NO2 group distance inside (i.e., intra) the monomer and the one between two neighbouring (i.e., 
inter) monomers. For monomer 4, the intramonomer push-pull distance is relatively large and as Fig. 
5 shows, the HOMO → LUMO excitation takes place over a relatively large distance from the 
donating to the accepting fragment. For trimer 10, the intermonomer push-pull distance is very small 
and as Fig. S1 in Supplementary material shows, during the HOMO → LUMO excitation electron 
density transfers from NH2 to NO2 that are closely positioned.  
The change in dipole moment upon excitation increases for all trimers, compared to the reference 
7. When comparing to the monomers, again a larger increase is found for the NH2/NO2 substituted 
trimers 8-11 than for the CH3/F substituted trimer 12. The overall magnitudes of and the differences 
between dipole moment change upon excitation are smaller. The relatively large value for trimer 9 
(compared to monomer 3) arises from the fact that for the trimer the excitation is more delocalised: 
electron density transfers to two different parts of the molecule. The relatively low value for trimer 10  
(compared to monomer 4) is because electron density transfers from NH2 to NO2 that are closely 
positioned. 
 
Table 6. The degree of spatial overlap between occupied and virtual orbitals involved in the excitation 
(Λ, Eq. (4)), the vertical exciton binding energy (Ebexc, Eq. (1), eV) and the change in dipole moment 
upon excitation (Δµge, Eq. (2), Debye) for molecules 7-12. 
Molecule Λ Ebexc Δµge  
7 0.66 1.91 2.14 
8 0.56 1.81 3.77 
9 0.54 1.92 4.14 
10 0.44 1.85 2.78 
11 0.44 1.72 3.79 
12 0.59 1.95 2.54 
 
 Finally, the relation between dipole moment change upon excitation and vertical exciton binding 
energy, which was found for the monomers, is studied to see whether or not it also holds for the 
trimers. It appears that Δµge does not correlate with the vertical exciton binding energy for all trimers. 
An increase in Δµge and a corresponding decrease in vertical exciton binding energy are found only for 
trimers 8, 10 and 11 compared to the reference 7 (Fig. 11). For trimer 9, a large increase in Δµge and a 
very small increase in vertical exciton binding energy are found. For the CH3/F substituted trimer 12, 
no significant changes in Δµge and in vertical exciton binding energy are found compared to the 
reference 7. Only mesomeric groups significantly influence the formation of more separated excitons 
leading to an increase in Δµge. 
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Fig. 11. The vertical exciton binding energy (Ebexc, eV) as a function of the change in dipole moment 
upon excitation (Δµge, Debye). A linear trend line is added together with R2. 
 
  
4. Summary and conclusions 
 
In this work, the influence of push-pull group substitution patterns on excited state properties, in 
particular the exciton binding energy, of several donor-acceptor co-monomers and their trimers is 
studied by performing (TD)-DFT (BHandH/6-31G**) calculations. The aim is to understand and 
engineer the photo-physical properties of new molecular structures. Part of this work focuses on OPV 
applications to demonstrate practical use of the structure-property relations. 
The influence of push-pull group substitution patterns on excited state properties of several 
monomers can be summarized as follows. A decrease is found in the vertical excitation energy, the 
bandgap (mostly caused by a decrease in the LUMO energy), and the oscillator strength, with the 
largest decrease for functional groups that exert mesomeric effects. A good correspondence between 
the HOMO energy and the vertical ionization potential, and the LUMO energy and the vertical 
electron affinity is found for all substituted molecules. The only clear distinction between linear- and 
cross-conjugated substitution patterns is found for the LUMO energy (and vertical electron affinity): 
the LUMO energy is higher (and the vertical electron affinity is smaller) in the case of linear-
conjugated substitution patterns. 
The influence of push-pull group substitution patterns on properties relevant for OPV applications 
of several monomers can be summarized as follows. A decrease is found in the electron-hole 
interaction calculated as [JHL – 2KHL] for the CCM, an increase for the LCM, and a small decrease for 
substitution with functional groups that exert inductive effects. For NH2/NO2 substituted molecules, 
the vertical exciton binding energy decreases (except for 3), with the largest decrease for the CCM. 
For the CH3/F substituted molecule, no significant difference is found compared to the reference 
molecule. From linear- to cross-conjugation, a reasonably similar decrease is found in [JHL – 2KHL] and 
the vertical exciton binding energy. The dipole moment change upon excitation becomes larger when 
the monomer is substituted with functional groups that exert inductive or mesomeric effects (except 
for 3), with the largest increase for the CCM. 
The clear difference in linear- and cross-conjugated push-pull group substitution patterns for the 
LUMO energy, the vertical electron affinity, the electron-hole interaction calculated as [JHL – 2KHL], 
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the quantity Λ, the vertical exciton binding energy, and the dipole moment change upon excitation, 
can be understood from simple Hückel theory. For odd alternating hydrocarbons substituted with a by 
resonance donating group, this theory gives a NBMO with small electron densities at the meta 
positions. So cross-conjugated push-pull group substitution patterns lead to less π-delocalised frontier 
MOs over separate parts of the molecule, whereas linear-conjugated push-pull group substitution 
patterns lead to more π-delocalised frontier MOs over similar parts of the molecule. 
The computed trends give strong support for a linear relation (R2: 0.98) between [JHL – 2KHL] and 
the observable Δµge. A linear relation between Δµge and the vertical exciton binding energy is also 
found, although with a smaller R2 value (0.80). Still, these results hint to a possible correlation 
between properties related to chemical composition (i.e., [JHL – 2KHL] and Δµge) and the vertical 
exciton binding energy. The overlap density between the frontier MOs alone already reveals valuable 
information about the relative size of the electron-hole interaction and the vertical exciton binding 
energy. 
When the excited state properties of the monomers are compared to the ones of their trimers, it 
appears that most of the trends for the monomers still hold, except for the ones that gave a difference 
between linear- and cross-conjugated substitution patterns because for the trimers this distinction in 
conjugation pattern does not hold anymore. In general the relative differences are diminished and the 
effects are usually smaller. Many deviations of the trends for the monomers are found for the trimer 
with functional groups that exert inductive effects: the vertical excitation energy increases and 
significant effects of the CH3/F groups are found on the HOMO/LUMO energies, the vertical 
ionisation potential and the vertical electron affinity. For trimers in general the vertical excitation 
energy decreases by about 0.4-0.8 eV, the bandgap decreases by about 0.5-0.6 eV (except for 7: 0.9 
eV), the LUMO energy decreases by about 0.2-0.4 eV (the vertical electron affinity increases by about 
0.6-0.8 eV), and the HOMO energy increases by about 0.3-0.4 eV (the vertical ionisation potential 
decreases by about 0.6-0.8 eV), compared to the monomers.  
When the properties relevant for OPV applications of the monomers are compared to the ones of 
their trimers, it appears that for the trimers the vertical exciton binding energy and the change in dipole 
moment upon excitation are smaller, and the quantity Λ is larger. The computed trend in vertical 
exciton binding energy for the monomers holds reasonably for the trimers. The largest decrease is 
found for the same type of trimer as the monomer, but this decrease is slightly diminished (0.2 eV for 
the trimers compared to 0.3 eV for the monomer). Concerning the change in dipole moment upon 
excitation, a larger increase is found for the NH2/NO2 substituted trimers. 
Finally, the linear relation between Δµge and the vertical exciton binding energy does not hold for 
all trimers. Based on the small change in Δµge and no significant change in vertical exciton binding 
energy for the CH3/F substituted trimer, it can be concluded that only mesomeric groups influence the 
formation of more separated excitons and that this would lead to an increase in dipole moment change 
upon excitation. Therefore the direct relation found by Carsten et al. [8] between device efficiency and 
Δµge of a donor-acceptor co-monomer cannot be generalised to oligomers. Whether or not this relation 
still applies to trimers depends on aspects like the choice of functional groups (i.e., groups that exert 
inductive or mesomeric effects) and on differences in electron density transfer between the monomer 
and its extended form (e.g., its trimer), as is shown in this work. 
Although the computed trend between Δµge and the vertical exciton binding energy properties does 
not hold for all trimers, this work indicates that important photo-physical properties, like the exciton 
binding energy for OPV materials, can be engineered by chemical modification through adding 
particular functional groups. Application of our findings in the context of organic photovoltaics results 
in significant support for cross-conjugated mesomeric push-pull group pathways in order to spatially 
separate the HOMO and LUMO. This substitution pattern possibly leads to lower exciton binding 
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energies, without the adverse effect of smaller oscillator strengths compared to linear-conjugated 
pathways. 
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